The fundamental mechanisms that underlie platelet activation in atherothrombosis are still obscure. Oxidative stress is involved in central features of atherosclerosis. Platelet-derived microvesicles (PMVs) could be important mediators between oxidative stress and platelet activation. CD36 could be a receptor of PMVs, thus generating a PMV-CD36 complex. We aimed to investigate the detailed pathway by which oxidative damage contributes to platelet activation by the PMV-CD36 complex. We found that oxidized low-density lipoprotein stimulated the generation of PMVs. PMVs enhanced normal platelet activation, as assessed by the expression of integrin α IIb β 3 , secretion of soluble P-selectin and platelet aggregation, but CD36-deficient platelets were not activated by PMVs. The function of the PMV-CD36 complex was mediated by the MKK4/JNK2 signaling axis. Meanwhile, PMVs increased the level of 8-iso-prostaglandin-F2α, a marker of oxidative stress, in a CD36-and phosphatidylserine-dependent manner. We concluded that PMVs are important mediators between oxidative stress and platelet activation. PMVs and CD36 may be effective targets for preventing platelet activation in cardiovascular diseases.
INTRODUCTION
Thromboembolic events are lethal consequences of atherosclerosis (AS) and are still a challenge. The activation of platelets has a critical role in thrombosis because it participates in the final and beginning stages. The fundamental mechanisms responsible for platelet activation in AS are still incompletely understood but may involve the etiology of AS. The pathogenesis of AS is multifactorial, and oxidative damage has aroused much attention. AS-related diseases such as coronary heart disease, hypertension and diabetes mellitus are characterized by oxidative stress, which results in a hypercoagulable or prothrombotic state. To find the source (such as oxidative stress) of platelet activation in AS, we can study the potential mechanism of the prothrombotic state and explore new, effective targets for preventing atherothrombosis.
Studies of microvesicles have offered a hint for the activation of platelets (1-3).
Microvesicles are exosomes or small particles released by many cells on stimulation (4) (5) (6) . The nomenclature of these vesicles lacks consensus. In general, exosomes are vesicles contained in multivesicular bodies. Ectosomes refer to shedding vesicles of neutrophils and monocytes. Microparticles are vesicles shedding from the surface of monocytes and platelets. The term "microvesicles" used here indicates both exosomes and shedding vesicles (1) .
Advances in proteomics have revealed the importance of microvesicles in thrombosis. Platelet-derived microvesicles (PMVs) are the main culprit in the development of thrombosis. Two-thirds of microvesicles in peripheral blood are derived from platelets (7) . The thromboplastic activity of PMVs is 50 to 100 times higher than that of platelets (8) . PMVs carry multiple glycoproteins and phospholipids, including GPIb, P-selectin and phosphatidylserine (PS). Clinical study has revealed increased levels of oxidized low-density lipoprotein (oxLDL) highly related to elevated numbers of microvesicles in plasma (9) . Thus, PMVs may be important sources of platelet activation by oxidative stress, which initiates the coagulation process in atherothrombosis. CD36, a class B scavenger receptor, promotes platelet activation (10, 11) . It is expressed in platelets, monocytes and several other cells and mediates many pathophysiological processes by binding with various oxidized phospholipids, apoptotic cells and certain pathogens. The PS on the surface of PMVs could be a ligand of CD36, thus generating a PMV-CD36 complex. CD36 can be a signaling molecule, but the detailed signal pathway of the PMV-CD36 complex is unknown. Chen et al. (12) showed that platelet CD36 mediates mitogenactivated protein kinase (MAPK) activation induced by oxLDL. The modified lipids on oxLDL mediate its combination with CD36, and the surface of microvesicles contains multiple modified lipids (such as PS). Therefore, we speculated that the PMV-CD36 complex could activate MAPKs, thereby activating platelets.
We hypothesized that oxidative damage increases the generation of PMVs in AS. We aimed to investigate whether PMVs bearing the oxidative stress information amplify and disseminate this information by mediating communication among cells and whether the PMV-CD36 complex triggers MAPK signaling, thereby activating platelets.
MATERIALS AND METHODS

Materials
Biotin-conjugated anti-CD41 monoclonal antibody was from Abcam (Cambridge, UK). Recombinant human annexin V was from Enzo Life Sciences (Exeter, UK). SP600125 was from Calbiochem (San Diego, CA, USA). The antibodies rabbit anti-MKK4, p-MKK4, c-Jun NH 2 -terminal kinase (JNK) and mouse anti-p-JNK were from Cell Signaling Technology (Danvers, MA, USA). Phycoerythrin (PE)-conjugated anti-CD36 (clone CB38), PE-conjugated CD36 isotype control (clone G155-228), PE-cy™5-conjugated mouse anti-CD41a antibody (clone HIP8) and fluorescein isothiocyanate (FITC)-conjugated PAC-1 were from BD Biosciences/Pharmingen (San Jose, CA, USA). The 8-iso-prostaglandin-F2α (8-iso-PG-F2α) enzyme immunoassay (EIA) kit was from Cayman Chemical (Ann Arbor, MI, USA). The p-selectin enzyme-linked immunosorbent assay (ELISA) kit was from R&D Systems (Oxfordshire, UK). The monoclonal antibody AD-1 for microvesicles was obtained as described (13, 14) .
Sources of OxLDL
OxLDL (YB-002) was obtained from Yiyuan Biotechnology (Guangzhou, China). It was purified by ultracentrifugation (1.019-1.063 g/mL) and oxidized with 5 μmol/L Cu 2 SO 4 at 37°C for 20 h. Oxidation was terminated by adding excess EDTA-Na 2 . Each lot was analyzed on agarose gel electrophoresis for migration versus LDL. This oxLDL was 1.0 mg protein/mL. Thiobarbituric acid-reactive substances were determined colorimetrically with malondialdehyde used as a standard. The oxLDL was stored at 4°C and used within 1 wk after receipt.
Platelet Isolation
Blood was collected in 0.109 mol/L sodium citrate (ratio 1:9) from healthy volunteers who were free of any medication for 2 wks. Written consent was obtained from all donors, and protocols were approved by the institutional ethics committee. Platelet-rich plasma (PRP) was prepared by centrifugation at 120g for 10 min at room temperature. Platelets were isolated from PRP after centrifugation at 800g for 10 min in the presence of acid citrate dextrose. Then platelets were washed and resuspended in modified Tyrode's buffer (137 mmol/L NaCl, 2.7 mmol/L KCl, 12 mmol/L NaHCO 3 , 0.4 mmol/L NaH 2 PO 4 , 5 mmol/L HEPES, 0.1% glucose and 0.35% bovine serum albumin, pH7.2) in the presence of 100 nmol/L PG-E 1 (Sigma-Aldrich, St. Louis, MO, USA) . Platelet concentration was adjusted to 1 × 10 6 /mL by use of a Z2 particle counter (Beckman Coulter, Fullerton, CA, USA), then used at once in all experiments.
Identification of PMVs
Assessment of PMVs by flow cytometry. Resting platelets (1×10 6 /mL) were incubated with buffer control, 50 μg/mL native LDL (nLDL), 50 μg/mL oxLDL or 10 μmol/L adenosine diphosphate (ADP) for 15 min at 37°C. Samples (2.5 μL) were incubated with PEcy5-conjugated antiCD41a antibody (5 μL) for 15 min. Only cells and particles positive for CD41a were gated. The lower limit of the plate let gate was set at the left-hand border for resting platelets to distinguish between platelets and microvesicles (15, 16) . For each sample, 10,000 positive events in the platelet gate were acquired by use of FACS Calibur cytometry (BD Biosciences). ELISA detection of total amount of PMVs. After incubation with oxLDL or ADP, the platelet suspension was centrifuged at 3000g for 10 min. Then the supernatant was centrifuged again at 13,000g for 2 min to avoid platelet contamination. In total, 100 μL supernatant was stored at -80°C for ELISA.
Quantification of total PMVs in platelet supernatant involved use of the homemade monoclonal antibody AD-1 as described (13), with minor modification. Briefly, after specific capture for microvesicles, the plate coated with AD-1 was incubated with 50 μL/well of diluted biotin-conjugated mouse anti-human CD41 monoclonal antibody (specific platelet marker) at 37°C for 2 h, then with 50 μL/well horseradish peroxidase (HRP)-conjugated streptavidin (1:200 dilution) for 30 min at room temperature in the dark. After 6 washings, 50 μL of HRP substrate was added to each well and incubated for 5 min at room temperature. Then, the enzymatic reaction was stopped and the plate was read at 450 nm by use of a microplate reader (Thermo Scientific, Waltham, MA, USA). Intra-and interassay coefficients of variation were approximately 4.9% and 12.4%, respectively.
ELISA detection of annexin Vpositive PMVs. ELISA was used for quantification of annexin V-positive PMVs in platelet supernatant stimulated with oxLDL and other controls. After staining for PMVs on annexin V-coated wells (for 2 h at 37°C), to take advantage of the strong affinity of annexin V for PS present on PMVs, samples were washed for 3 steps with phosphate buffered saline containing 0.05% Tween 20. Diluted biotin-conjugated CD41 monoclonal antibody (50 μL/well) was added as the detection antibody. After incubation for 2 h at 37°C, 50 μL/well diluted HRP-conjugated streptavidin was added and incubated for 30 min at room temperature in the dark. The linear absorbance was recorded at 450 nm after the addition of substrate solution. Intraand interassay coefficients of variation were approximately 5.8% and 14.5%, respectively.
Platelet Functional Studies
Collection of PMVs derived from platelets stimulated by oxLDL. Platelets (1 × 10 6 /mL) were treated with oxLDL (50 μg/mL) for 15 min at 37°C, then sedimented at 3000g for 10 min. An amount of 2.0 mmol/L phenylmethylsulfonyl fluoride was added to the PMV-enriched supernatants, which were then centrifuged at 15,000g for 1 h at 4°C. Then PMV pellets were washed twice (to avoid contamination of oxLDL) and resuspended in Modified Tyrode buffer and stored at -80°C. Freezing had no adverse effect on microvesicles (11) . The protein content was measured by the Bradford Protein Assay Kit (Beyotime, Jiangsu, China).
Flow cytometry detection of platelet activation and CD36 expression. Platelet integrin α IIb β 3 and CD36 expression was quantified by flow cytometry. After treatment with PMVs (30 μg/mL), the platelet suspension (2.5 μL) was incubated in the dark at room temperature for 15 min with 5 μL PEcy5-conjugated anti-CD41a antibody and 5 μL FITCconjugated PAC-1 antibody (for the activated conformation of the platelet integrin α IIb β 3 ). For CD36 detection, the platelet suspension was incubated with 5 μL PEcy5-conjugated anti-CD41a antibody and 5 μL PE-conjugated anti-CD36 antibody or isotype-matched control IgG, then pelleted, washed and analyzed. In some studies, before stimulation with PMVs, platelets were incubated with anti-human CD36 antibody (clone FA6; invitrogen), isotype-matched control IgG (Sigma) or JNK inhibitor SP600125 or preincubated with annexin V to mask PS.
Platelet aggregation studies. Aggregation was assessed by turbidimetry with a dual channel aggregometer (Chrono-log Corp., Havertown, PA, USA), with 2 μmol/L ADP used as an agonist. PRP was obtained by centrifuging whole blood at 120g for 10 min at 22°C, and platelet-poor plasma (PPP) was obtained by centrifuging PRP at 3000g for 10 min. The platelet concentration of PRP was adjusted to 2.5 × 10 8 /mL by the addition of PPP. An amount of 100% aggregation was defined as the light transmission of PPP, and 0% was defined as the light transmission of PRP before the addition of agonists. Then the PRP was stimulated with 2 μmol/L ADP, and the change in light transmission was recorded.
Immunoassay for soluble P-selectin and 8-iso-PG-F2α. After the treatment described above, the platelet-PMV mixtures were centrifuged at 3000g for 10 min. Then the supernatant was centrifuged again at 13,000g for 2 min to avoid platelet contamination. The last supernatant was used for detection of soluble P-selectin (R&D Systems) and 8-iso-PG-F2α (Cayman Chemical, Ann Arbor, MI, USA) with use of commercially available immunoassay kits. The lower limit of sensitivity of the assay was 0.5 ng/mL for P-selectin and 2.7 pg/mL for 8-iso-PG-F2α.
Immunoblot Analysis of MKK4 and JNK
Platelets treated with PMVs or controls were lysed in 2 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L EGTA, 1 mmol/L EDTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L Na 3 VO 4 , 1 mmol/L phenylmethylsulfonyl fluoride and 1 μg/mL leupeptin, and protein concentrations were measured with use of a Bradford protein assay kit (Beyotime). Lysate protein (40 μg) was separated on 10% polyacrylamide gel and transferred onto polyvinylidene fluoride membranes. After a blocking for 1 h at room temperature in 5% nonfat milk, the membranes were incubated with mouse anti-phospho-JNK1/2 or rabbit antiphospho-MKK4 (1:1000 dilution) overnight at 4°C, then with HRPconjugated secondary anti-mouse IgG or anti-rabbit IgG (1:4000 dilution). The blots were developed with use of ECL detection reagent, then stripped and reblotted with antibodies to native proteins for normalization.
Statistical Analysis
The Kolmogorov-Smirnov test was used for confirming normal distribution, and data are presented as means ± SE. Comparison among groups involved ANOVA with post hoc least significant differences t test. P < 0.05 was considered statistically significant. Analyses involved use of SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
OxLDL Treatment Generated PMVs
Flow cytometry detected the formation of microvesicles by labeling with PEcy5-conjugated anti-CD41a antibody (M gates in Figures 1A-D) . The release of microvesicles increased after stimulation with oxLDL (50 μg/mL) or ADP (10 μmol/L), as quantified by mean fluorescence intensity (MFI) of CD41a (Figure 1E) . For further confirmation, the supernatant of platelets was tested by ELISA. The amount of total PMVs (Figure 1F ) and annexin V-positive PMVs ( Figure 1G ) increased significantly after treatment with oxLDL. The effect of oxLDL was comparable to that of ADP.
P L A T E L E T -D E R I V E D M I C R O V E S I C L E S P R O M O T E P L A T E L E T A C T I V A T I O
PMVs Induced Platelet Activation
Next, we tested whether the PMVs collected from oxLDL-treated platelets could enhance platelet activation. We incubated resting platelets (1 × 10 6 /mL) with PMVs (30 μg/mL) for 30 min at 22°C. Platelet activation is characterized by a conformation change in integrin α IIb β 3. As expected, the MFI and percentage of PAC-1 (recognizing the activated platelet integrin α IIb β 3 ) were enhanced significantly compared with the control. PMVs had almost the same effect as ADP (Figures 2A-B) . Furthermore, PMVs increased platelet aggregation in response to ADP ( Figure 2C ).
PMVs Were Ineffective in CD36-Deficient Platelets
We screened 2 CD36-deficient male donors in our laboratory. The CD36-deficient platelets were unable to bind PE-conjugated anti-CD36 antibody (Figure 3) , and PMV-enhanced integrin α IIb β 3 expression and platelet aggregation were absent ( Figures 2D-F) .
PMVs Activated Platelets in a CD36-and PS-Dependent Manner
To define the influence of CD36 and PS on PMV-platelet interaction, we determined the expression of integrin α IIb β 3 ( Figures 4A, B and D) and the secretion of P-selection ( Figure 5C ). PMVs substantially increased the expression of integrin α IIb β 3 and secretion of P-selectin. In all cases, the blocking of CD36 (by FA6, a CD36 antibody) or PS (by annexin V) could diminish the enhancement by PMVs, but IgG, an isotype-matched control of FA6, had no effect. As well, FA6 decreased the binding of PE-conjugated anti-CD36 antibody to platelets, with the expression of CD36 for other groups not changed significantly ( Figure 5A ).
Platelet Activation Induced by PMVs Was Mediated by JNK Signals
To elucidate the potential effect of JNK signaling in PMV-induced platelet activation, platelets were treated with the JNK inhibitor SP600125 before incubation with PMVs. Pharmacological inhibition of JNK reduced platelet activation by PMVs, including expression of integrin α IIb β 3 ( Figure 4C , E) and secretion of P-selectin ( Figure 5D ). Thus, JNK signaling may contribute to PMV-induced platelet activation. Nevertheless, inhibition of JNK had no effect on expression of CD36 ( Figure 5B ).
Phosphorylation of Platelet JNK2 and its Upstream Activator MKK4 Induced by PMVs
To confirm the role of the JNK pathway in PMV-induced activation of platelets, we compared the phosphorylation of JNK2 in CD36-deficient and -positive platelets by immunoblotting. CD36-positive but not CD36-deficient platelets exposed to PMVs for 30 min showed a significant increase in phosphorylation of JNK2 and its upstream activator MKK4 ( Figure 6A ). The JNK2 phosphorylation was time and dose dependent, peaking at 15 min to approximately 1.3-fold that of D 1 8 : 1 5 9 -1 6 6 , 2 0 1 2 | W A N G E baseline with 30 μg/mL PMVs (Figure 6B ) and with increased concentrations of PMVs inducing stronger phosphorylation of JNK2 ( Figure 6C ).
R E S E A R C H A R T I C L E M O L M E
PMVs Induced Oxidative Production of Platelets by CD36 and PS
Resting platelets showed a pronounced formation of 8-iso-PG-F2α on incubation with PMVs, which was significantly reversed by blocking CD36 or PS ( Figure 7A) . The change was similar to that of platelet activation. These data indicate that CD36 participates in a signaling pathway that regulates oxidative stress in platelets. The level of 8-iso-PG-F2α was not decreased with the inhibition of JNK by SP600125 ( Figure 7B ).
DISCUSSION
We explored the potential process of oxidative stress contributing to platelet activation and its mechanism. PMVs could act as a central mediator of oxidative damage, MAPK signaling and platelet activation. Briefly, oxLDL signifi- D 1 8 : 1 5 9 -1 6 6 , 2 0 1 2 cantly promoted the generation of PMVs. Engagement of PMVs with platelet CD36 triggered MKK4/JNK2 signaling and activated platelets. In addition, PMVs enhanced platelet oxidative production in a CD36-and PSdependent manner.
P L A T E L E T -D E R I V E D M I C R O V E S I C L E S P R O M O T E P L A T E L E T A C T I V
Oxidative stress is a central feature of the AS process. OxLDL, the active consequence of oxidative stress, favors AS effectively. Here, we reveal a powerful pathway whereby oxLDL results in platelet activation by PMVs. PMVs are small membrane-enclosed vesicles with strong procoagulant power discharged during platelet activation. They are leading players in thrombosis. PMVs and other microvesicles were found accumulated in the lipid core of plaques and thrombi (17) . Our work demonstrated that oxLDL significantly promoted the generation of PMVs.
We tested the thromboplastic activity of PMVs derived from oxLDL-treated platelets. As expected, PMVs induced platelet activation, as assessed by the expression of integrin α IIb β 3 , secretion of soluble P-selectin and platelet aggregation.
Nevertheless, PMVs were ineffective for CD36-deficient platelets. CD36 deficiency (Nak a-phenotype) is common among Chinese (18) . We screened 2 male volunteers with CD36 deficiency in our laboratory, neither with a history of bleeding diathesis. PMVs could not enhance integrin α IIb β 3 expression in CD36-deficient platelets. The occurrence of cardiovascular events in East Asia is lower than that in the Western world, and CD36 deficiency may be one of the reasons in addition to genotype and life style. We used an inhibitory antibody to block platelet CD36 and annexin V to mask surface PS exposed on PMVs and found the activation function of PMVs to depend on CD36 and PS to some extent. Our results and those of others indicate that PS on the surface of PMVs binds to platelet CD36 and triggers platelet activation signals (11, 19) .
Earlier studies demonstrated that engaging CD36 with oxLDL initiated signal responses that result in foam-cell formation for macrophages and hyperreactivity for platelets (12, 20) . However, the signaling pathway of the PMV-CD36 complex triggering platelets was unknown. Most studies involving the signaling function of CD36 in other cells, such as macrophages and microvascular endothelial cells, have been focused on MAPKs. In addition, in a recent study (21) investigators found that MAPK/ JNK1 plays an important role in platelet activation and thrombus formation. JNK1
-/-mice showed longer bleeding times on tail-bleeding assays and platelet aggregation. We found JNK2 and its upstream activator MKK4 were activated on the interaction of CD36-positive but not CD36-deficient platelets with PMVS. Moreover, all platelet-stimulatory events induced by PMVs, including PAC-1 binding and P-selectin secretion, could be blocked with the JNK inhibitor SP600125. Therefore, MKK4/JNK2 signaling may contribute to the platelet hyperreactivity associated with PMVs. Our finding is consistent with those of recent studies showing MAPKs, including JNK, activated after oxLDL and thrombin exposure playing significant roles in platelet biology (12, 22) . In addition, we found that the PMV-platelet interaction promoted the production of 8-iso-PG-F2α, a critical marker of oxidative stress. This function depended on CD36 and PS and implied that CD36 transduces signaling responses, not only activating platelets but also enhancing oxidative stress. For further insight into whether JNK was involved in this mechanism, we inhibited the JNK pathway and detected the level of oxidative stress. Surprisingly, the level of 8-iso-PG-F2α did not decrease, so the pro-oxidant signals are triggered by the PMV-CD36 complex but not JNK. In macrophages, CD36 activates src-family kinases, Vav family guanine nucleotide exchange factors and MAPKs (23, 24) . Whether the other two kinases mediated this signal pathway remains to be determined; it is the limitation of our study. We found that PMVs derived from oxLDL stimulation could promote platelet activation and oxidative stress, and enhanced oxidative stress further increases the generation of PMVs. Of course, atherothrombosis involves many other causative factors such as inflammation and various cytokines besides oxidative damage. We examined only oxidative stress, which represents key features of the AS process.
CONCLUSION
In summary, our data further confirm the potential roles of CD36 in platelet activation. One class of CD36 ligands, PMVs, is generated during system oxidant insult. The PMV-CD36 complex activates MKK4/JNK2 signals and contributes to platelet activation. In addition, PMVs feed-forward oxidative stress in a CD36-and PS-dependent manner. PMVs bearing various biologically active factors could be helpful in exploring the detailed mechanism of the prothrombotic state. Furthermore, PMVs and CD36 are potential targets for preventing thrombotic cardiovascular diseases.
